Abstract -This study was aimed at evaluating functional and inflammatory consequences of persistent chlamydial infections on the respiratory system in clinically inconspicuous calves aged 2-7 months. Thirteen calves persistently infected with Chlamydophila (C.) abortus and/or C. pecorum (Chl+) were compared to 12 calves without chlamydial infections (Chl-). In order to evaluate lung function, 36 non-invasive impulse oscillometry tests were performed per animal within 6 months. The group of chronically infected animals was distinguished by significantly higher peripheral airway resistance (indicating peripheral airway obstruction), significantly higher respiratory rates, and significantly higher minute volumes of ventilation. At the age of seven months, all calves were necropsied, broncho-alveolar lavage fluid (BALF) was obtained ex vivo, and lungs were examined histologically. Significantly higher concentrations of total protein and 8-iso-prostane (8-IP), as well as higher activities of matrix metalloprotease 2 were measured in BALF samples of Chl+ calves. Histologically, markedly activated bronchus-associated lymphoid tissue (BALT) causing partial obstruction of bronchiolar lumina was found in the apical pulmonary lobes of Chl+ calves. Chlamydial DNA was detected in the lung tissue of 7 out of 13 Chl+ calves by real-time PCR. In conclusion, respiratory chlamydial infection appeared to be associated with chronic inflammation of the lungs and airways. Despite the lack of clinical symptoms, pulmonary dysfunctions persisted in calves until the age of seven months. Data obtained in this study provide new insight illustrating the impact of nearly ubiquitous subclinical infections on the respiratory system. Chlamydia / Chlamydophila infection / airway obstruction / pulmonary inflammation / calves
INTRODUCTION
The role of Chlamydia and/or Chlamydophila (C.) spp. as respiratory pathogens and replicate within an endosome. As a consequence of the distinctive features of the causative agents, a remarkable diversity of clinical manifestations of chlamydioses has been noted. First, chlamydial infections are known to generate acute illness. Even life-threatening situations have been reported in humans who became infected with zoonotic chlamydiae, such as C. psittaci originating from birds or C. abortus from small ruminants [9, 12, 28, 54, 55] . Secondly, chlamydial organisms are reported to persist and cause recurrent infections or re-activation of latent infections [7, 11, 25, 46] .
In humans, infections with Chlamydophila (formerly Chlamydia) pneumoniae are known to be involved in a variety of clinical outcomes related to the respiratory system. Acute chlamydial infections have been reported to affect upper airways (e.g. pharyngitis, sinusitis, and otitis), central and lower airways (e.g. bronchitis, brochiolitis), as well as lung tissue (pneumonia) [6, 8, 10, 21, 38] . The phenomenon of chronicity and persistence, however, is thought to be involved in the pathogenesis of chronic inflammatory airway diseases, i.e. human asthma and COPD, and even in pulmonary emphysema or lung cancer [2, 3, 14, 19, 22, 26, 50, 51, 56] .
In cattle, several reports suggest a link between Chlamydophila infections and various disease syndromes, although neither the prevalence nor the economic impact of bovine chlamydial infections can be adequately assessed at present [20] . In traditional veterinary literature, respiratory chlamydial infections in bovines were mostly subsumed under the generic term of 'pneumonia' characterised by fever and depression, nasal secretions, cough, and dyspnoea [47] . Recently an outbreak of acute upper respiratory tract disease was reported in calves aged less than six months [53] . Furthermore, chlamydial infections have been found to be associated with keratoconjunctivitis or polyarthritis, respectively in calves [27, 52] . In calves from chlamydia-positive dairy herds, the adult cows are the most likely source of infection leading to the presence of C. abortus and/or C. pecorum in both the intestinal and the respiratory tracts in the first two weeks after birth [13, 53] . Such infections do not necessarily lead to clinical illness, but may have a serious impact on livestock productivity and farm income 1 . Health effects of subclinical, chronic, or recurrent chlamydial infections in cattle have yet to be defined in veterinary medicine.
This prospective study of the respiratory system in calves was undertaken in order to answer the question whether, even in the absence of clinical signs, there are any consequences for the organ system where chlamydiae reside. To the best of our knowledge, there are no published data unravelling functional consequences of subclinical chlamydial infections in the bovine respiratory system. Consequently, the present study was designed to evaluate the influence of naturally occurring, but clinically inapparent infections with C. abortus and/or C. pecorum on lung function and markers of pulmonary inflammation in conventionally raised calves during postnatal lung maturation until seven months of age.
MATERIALS AND METHODS

Animals
In this prospective study, 25 conventionally raised calves (Holstein crossbred; 19 female and 6 male) were included and grouped according to their chlamydial carrier status. The latter was defined in vivo on the basis of diagnostic examination of 23 swabs per animal (nasal, rectal, and conjunctival) taken consecutively at 3-4 week intervals throughout the study. This monthly testing, as well as ex vivo tissue examination, revealed persistent or frequently recurring infections with C. pecorum and C. abortus in Group 'Chl+' (n = 13), but not in Group 'Chl-' (n = 12). For chlamydia detection, both a nested PCR procedure targeting the ompA gene [36] , and a DNA microarray assay [37] were used. Serology (complement fixation test) was conducted to confirm chlamydial infections in Group Chl+. No epidemiologically important co-infections were identified as confounding factors considering the following agents: Salmonella, Mycoplasma, Pasteurella and Mannheimia spp., BHV-1 (bovine herpes virus 1), BVDV (bovine virus diarrhoea/mucosal disease virus), BRSV (bovine respiratory syncytial virus), PI-3 (parainfluenza 3 virus), and adenovirus type 3. Further details characterising these 25 calves have been described elsewhere [33] .
The animals were reared under standardised conditions (room climate: 18 to 20
• C, 65% relative humidity) and in accordance with international guidelines for animal welfare. Nutrition contained commercial milk replacers and coarse meal. Water and hay were supplied ad libitum. None of the given feed contained antibiotics.
After a quarantine period of at least two weeks and confirmation of a clinically normal status, all 25 animals were included in the study. For each animal, the observation period lasted from the 2nd until 7th month of age. Within this period, each calf underwent daily clinical examination and repeated lung function testing. At the age of seven months, the animals were euthanised, broncho-alveolar lavage fluid was obtained ex vivo, and the lungs were examined histologically. All phases of the in vivo study were non-invasive, and ethical approval was granted by the Institutional Commission for the Protection of Animals.
Pulmonary function tests
For lung function testing, the impulse oscillometry system ("MasterScreen-IOS", V Healthcare, Hoechberg, Germany) was used as described by Smith et al. [45] . This non-invasive technique was previously validated for conscious calves [29] [30] [31] . Calves were adapted to the system using a tightly fitting facemask of appropriate size depending on the animal's head. Each lung function test was performed in the conscious calf during spontaneous breathing.
Starting at the age of two months, six tests were performed per calf and month (three consecutive tests per day and animal on two consecutive days). The duration of one test was 60 s while 3 test impulses were generated per second (leading to 180 independent test results per minute). The sampling rate was set at 200 Hz (period between two sampling points of 5 ms), selecting 32 sampling points after each impulse. The following variables of ventilation were analysed: respiratory rate (RR); tidal volume (Vt); volume of minute ventilation (Vmin); both, tidal volume and minute volume related per kg body weight (Vt/kg, Vmin/kg). In order to evaluate respiratory mechanics, respiratory resistance (R) and respiratory reactance (X) were analysed in dependence on frequency [45] . Recalculation of original IOS-data using the software FAMOS (Fast Analysis and Monitoring of Signals; imc Mess-Systeme GmbH, Berlin, Germany) enabled us to calculate R and X for each frequency within the frequency range of 1 to 10 Hz, and separated for inspiration and expiration (R in 1Hz . . .R in 10Hz ; R ex 1Hz . . .R ex 10Hz ; X in 1Hz . . .X in 10Hz ; X ex 1Hz . . .X ex 10Hz ). In addition, the IOS software allowed calculating of proximal airway resistance (R prox) and distal airway resistance (R dist). The results of all six lung function measurements per animal and month were averaged and these average values were used for further analysis. In order to take the influence of body weight increase on variables of lung function into account, body weight was always measured before monthly lung function testing.
Necropsy and collection of serum, BALF, and tissue samples
At the end of the study, all animals were euthanised and necropsied. Immediately before euthanasia, venous blood was collected in 7.5 mL-syringes (S-Monovette , Sarstedt AG & Co, Nuembrecht, Germany) for serum production. Under conditions of deep anaesthesia (thiopental sodium, 1.5 g per 100 kg body weight, intravenously, Trapanal , Altana Pharma, Konstanz, Germany), the trachea was exposed and large clamps were placed distal to the larynx to prevent contamination of the airways by blood or gastric contents. Subsequently, the animals were exsanguinated and the lung was removed. Macroscopic lesions of the lung and the other organs were recorded.
Broncho-alveolar lavage (BAL) was performed using glass syringes and a catheter was instilled through the trachea into either the left or right basal lobe. Five subsequent washes using 10 mL for each installation (in total 50 mL) of Aqua bidest. were performed. After immediate aspiration, the recovered BAL fluid (BALF) was about 50% and did not differ significantly between groups. The supernatant of BALF was harvested by centrifugation (5 • C, 3939 g, 20 min).
Tissue samples were collected from six lung sites, i.e. left and right cranial portion of the apical lobe, left and right caudal portion of the apical lobe, left and right basal lobe, and the tracheobronchial and pulmonary lymph nodes. Aliquots of each sample were used for bacteriological, molecular and histological examination.
Determination of matrix metalloprotease activity in BALF and serum
BALF supernatant and serum samples were kept at -20˚C until analysis. The activity of matrix metalloprotease 2 (MMP-2), and MMP-9 was measured by gelatin zymography [15] . Standards of MMP-9 (human pro-enzyme MMP-9; Oncogene, San Diego, CA, USA), of MMP-2 (human pro-enzyme MMP-2; Oncogene, San Diego, CA, USA) and BALF and serum samples diluted in non-reducing sample buffer were loaded onto 6% acrylamide SDS gels containing porcine skin gelatine (0.1%; SigmaAldrich, Bornem, Belgium). After electrophoresis, the gels were washed twice in Triton X-100 2% for 30 min and incubated at 37
• C for 48 h (BALF samples) and 24 h (serum samples) in an activation buffer containing 50 mM Tris HCl (pH 7.5) and 10 mM CaCl 2 . Following incubation, the gels were rinsed and stained for 30 min with Coomassie blue and destained for ∼2 h in a solution of 10% acetic acid and 20% methanol (v/v). Gelatinolytic activity appeared as unstained zones against a blue background. The gels were scanned (Epson Perfection 2450 Photo; Seiko Epson Corp., Nagano, Japan) and converted to numeric images for quantification using the Scion imaging analysis programme (Scion Corporation, Frederick, Maryland, USA). Activated forms of MMP-2 and MMP-9 were rarely apparent and quantified simultaneously with pro-forms. The results were expressed as average arbitrary units (AU) corresponding to pixel density × mm 2 for the bands of proteolysis.
Determination of 8-isoprostane concentration and protein concentration
In both BALF and serum samples, 8-iso-prostane (8-IP) was analysed by a commercially available enzyme-immunoassay (EIA; Cayman Chemical Company, Ann Arbor, Michigan, USA), and the results were verified by means of LC/MS using an external 8-IP solution. The detection limit was 3.9 pg/mL.
Total protein in BALF samples was measured colorimetrically using a Pierce Micro BCA(TM) Reagent Kit (Pierce, Rockford, IL, USA) in duplicate. The sensitivity of this method was 0.5 µg/mL.
Histopathology, immunohistology for chlamydial antigen and PCR for detection of chlamydial DNA in pulmonary tissue
One part of each sample was immersion fixed in neutral buffered formalin, embedded in paraffin, sectioned and stained with haematoxylin and eosin (H&E) for histological evaluation.
The other sample was snap frozen at -70
• C for immunohistochemistry. For this, 5 µm thick cryostat sections were prepared and fixed in 4% formalin with 67 µmol/L calcium chloride (pH 7.2) for 10 min at 4
• C. Chlamydial antigen was detected by the indirect immunoperoxidase method using a monoclonal antibody against chlamydial LPS (ACI-P, Progen, Heidelberg, Germany) and a peroxidaselabelled anti-mouse Ig (NA 931, GE Healthcare Europe GmbH, Freiburg, Germany) as the secondary antibody. Right and left cranial and caudal apical lung lobes from all calves of Group Chl+ were examined for chlamydial antigen. Porcine lung containing chlamydiae was used as a positive control.
For detection of chlamydiae by PCR, about 20 µm thick slices from frozen tissue that had been used for immunohistology in the Chl+ calves, and frozen tissue from the respective lung lobes of the Chl-calves were pooled for each calf in Eppendorf tubes. Tissue samples were DNA extracted using the High Pure PCR Template Preparation Kit (Roche, Mannheim, Germany) according to the manufacturer's instructions. Chlamydial DNA was detected by 23S rRNA real-time PCR as described previously [5] . Each sample was examined in quadruplicate.
Statistical analyses
Statistical analyses were used to clarify whether the presence of Chlamydophila spp. had a significant influence on pulmonary functions as evaluated by impulse oscillometry measurements, peripheral blood parameters, inflammatory mediators, or clinical symptoms. Therefore, SPPS (Version 12.0 for Windows; SPSS Inc., Chicago, Illinois, USA) and Statgraphics Plus (Version 4.0 for Windows; Manugistics Inc., Rockville, Maryland, USA) were explored.
Normally distributed data are given as mean ± standard deviation (SD), whereas data of non-normal or unknown distribution are always presented as median, minimum and maximum. For statistical analysis of multiple data with normal distribution, multifactorial analysis of variance (ANOVA) was used (multiple range test based on least significant difference). To compare two unpaired samples (i.e. differences between two groups at one time point), the unpaired t test (comparison of means) was used for normally distributed data. The W test according to Mann-Whitney (Wilcoxon) was used to compare medians of two unpaired samples with non-normal or unknown distribution. For statistical significance, probability levels are given with the results. Since the P-value is equal to or less than 0.05, there is a statistically significant difference at the 95.0% confidence level.
RESULTS
Parameters of ventilation and respiratory mechanics
Respiratory rate, tidal volume and minute ventilation
While respiratory rate decreased significantly in calves without chlamydial infection over time (ANOVA, LSD, P 0.01), it did not change significantly in calves with Chlamydophila infections (Chl+). Consequently, in calves aged 3 to 7 months, RR was significantly higher in the Chl+ Group compared to the Chl-Group (Fig. 1A) .
In order to eliminate the influence of different body weights between groups on lung volumes, both tidal volume and minute volume were compared after calculation per kg body weight (b.w.). At the age of two months, neither tidal nor minute volume per kg b.w. was significantly different between groups. In calves aged three months and older, the volume of minute ventilation related to body weight was significantly higher in the Chl+ Group compared to the Chl-Group (Tab. I). Tidal volume per kg b.w. was significantly higher in calves of the Chl+ Group aged four months and older (Fig. 1B) .
Respiratory impedance (resistance and reactance, each at inspiration and expiration) and coherence
Physiologically, respiratory resistance decreases while respiratory reactance increases with increasing age and body weight. To identify possible differences in respiratory mechanics between groups, resistances as well as reactances were calculated per kg b.w. and compared at each time point. For two time points, i.e. at the beginning and end of the study, the numerical results of expiratory resistance and reactance (both related per kg b.w.) are given in Table II . The frequency dependence of R ex and X ex as obtained at the age of 2 months and at the age of seven months is shown in Figure 2 .
Already at the age of two months, expiratory resistance in calves with chlamydial infections (Chl+) was markedly higher than in Chl-calves, and this difference between groups remained significant during the course of the study. Consequently, even at the age of seven months, calves of the Chl+ Group showed a much higher expiratory resistance per kg b.w. than calves of the Chl-Group. As also shown in Figure 2 , respiratory reactance values per kg b.w. were comparable between groups despite statistical analysis resulting in a few significant differences at individual frequencies (Tab. II). Table II . Expiratory Resistance (R ex) and Reactance (X ex), both related to kg body weight, as well as coherence during expiration in calves without (Chl-, n = 12) and with chlamydial infections (Chl+, n = 13) at the age of 2 months (start of the study) and 7 months (end of the study). # Blood and BALF were obtained at the same day in calves aged 7 months (blood in vivo before euthanisation; BALF samples ex vivo immediately after euthanisation). AU: arbitrary units. * One BALF sample was not possible to be analysed. n.s. = No significant difference between groups (P > 0.05).
Model-derived parameters of respiratory mechanics
Both resistance of proximal airways and distal airway resistance are shown in Figure 3 . Resistance of proximal airways was not significantly different between groups at any time point. At the beginning of the study, resistance of distal airways was comparable between groups. In calves older than three months, however, R dist was significantly higher in calves with chlamydial infections (Chl+) compared to calves of the Chl-Group.
Markers of inflammation
At the end of the study, 8-IP, MMP-2 and MMP-9 were analysed in BALF and corresponding blood serum. In addition, the concentration of total protein was measured in BALF. As shown in Table III , all markers of inflammation were higher in BALF samples of the Chl+ Group compared to those of the Chl-Group. For total protein, 8-IP, and MMP-2 the difference between groups was statistically secured. In contrast to BALF, no significant differences were seen for 8-IP, MMP-2, or MMP-9 in blood samples.
Pulmonary lesions
Gross lesions
Macroscopic examination revealed mild lesions in the respiratory tract in both groups of calves. In the Chl-Group, circumscribed chronic adhesive pleuritis was found in five calves predominantly affecting the right cranial apical lobes. One calf had a chronic indurative bronchopneumonia, and two calves had foci of atelectasis in the lung. In the Chl+ Group, purulent bronchopneumonia occurred in two calves and foci of atelectasis in nine calves predominantly affecting the apical lobes. Chronic adhesive pleuritis was noted in only one calf of this group. Using a scoring system between 0 and 3 (0 = no macroscopic lesions, 1 = atelectasis, 2 = pneumonic lesions of small extent, 3 = pneumonic lesions of large extent), a score of 0.9 ± 0.7 was observed in the ChlGroup versus 1.4 ± 1.0 in the Chl+ Group (means ± SD, no statistically significant difference between means, t test). Chl-(n = 12) Chl+ (n = 13) n.s.
n.s. P ≤ 0.05 P ≤ 0.05 P = 0.07 P ≤ 0.001 B A Figure 3 . Proximal (A) and distal (B) airway resistance in calves aged 2 to 7 months. Chl-: calves without chlamydial infections (n = 12); Chl+: calves with clinically latent chlamydial infections (n = 13); Box-and-Whisker Plot represents median value, 25%-and 75% percentiles (box), range, and outlier values (o). P-values indicate significant differences between groups at given time points (W test).
Histological lesions
In all calves of the Chl-Group, mild multifocal thickening of the interalveolar septae by lymphocellular infiltrates was observed in different lung lobes. Bronchusassociated lymphoid tissue (BALT) was present in the walls of or close to bronchi, bronchioli and blood vessels (Fig. 4a) . Five calves had few and inactive BALT follicles, 2 calves had moderate numbers of BALT follicles, and 5 calves had many BALT follicles frequently containing germinal centres. The majority of BALT follicles was rather small (Fig. 4a) , and narrowing of bronchial or bronchiolar lumina by BALT was rarely observed. The chronic indurative bronchopneumonia in the right cranial portion of the apical lobe of one calf was confirmed.
In both groups, comparable changes were seen in the alveoli and interalveolar septae. Differences were observed in BALT and bronchiolar and bronchial morphology. In 12 of the 13 calves of the Chl+ Group, high numbers of enlarged lymphoid follicles were present that protruded into bronchial and bronchiolar lumina, causing a loss of the mucosal folding and partial obstruction. Obstruction was especially marked when cuffing occurred with lymphoid follicles present along the entire circumference of bronchioli (Fig. 4b) . In nine calves, the adjacent pulmonary tissue was atelectatic. These changes were particularly frequent in the right cranial apical lobes and in the left caudal apical lobes, but affected more than one lobe in most calves. The bronchial and bronchiolar epithelium covering protruding lymphoid follicles was hyperplastic (Fig. 4b) . There was a marked transcytosis of neutrophils in these areas and exudate containing intact neutrophils and their fragments was present in bronchial and bronchiolar lumina (Fig. 4b). 
Immunohistology for chlamydial antigen and PCR for chlamydial DNA in pulmonary tissue
There was no specific staining for chlamydial antigen in cryostat sections of the Chl+ calves. The pulmonary sections examined frequently contained areas of enlarged BALT and hyperplastic bronchioles with partial obstruction. Using real-time PCR, chlamydial DNA was detected in the pooled samples of pulmonary tissue in 7 out of 13 Chl+ calves, whereas all samples from Chl-calves were negative.
DISCUSSION
With the availability of molecular diagnostic tools, particularly PCR, the presence of chlamydiae was frequently detected in animals without acute clinical symptoms 1 . These findings might either be a consequence of persistent infection or repeated re-infections resulting in subclinical outcome. Subclinical chlamydial infection has rarely been addressed in veterinary literature. The question arises whether there are any functional consequences on the organ systems infected with chlamydiae in apparently healthy animals. To the best of our knowledge, this is the first study evaluating the functional consequences of chlamydia-host interactions within the bovine respiratory system in the absence of acute clinical illness. Data obtained in this study may help to understand the role of Chlamydophila spp. in the pathogenesis of chronic airway diseases in both humans and animals.
Pulmonary function
Variables of ventilation and respiratory mechanics were evaluated non-invasively and during spontaneous breathing using the impulse oscillometry system (IOS). This technique is based on the principles of the forced oscillation technique and allows frequency-dependent analysis of both R and X, each separated for inspiration and expiration. While R reflects resistive properties within the airways, X is mainly determined by capacitive components of the respiratory system becoming more negative in case of reduced lung compliance. Using a seven-element electrical model of the respiratory system introduced by Mead [23] , the resistance of proximal airways (R prox) and the resistance of distal airways (R dist) could be differentiated additionally.
Compared to calves without chlamydial infections, a significantly increased respiratory resistance during expiration was the most striking finding with respect to respiratory mechanics. This phenomenon was already present at the beginning of the study (when calves were aged approximately two months) and was maintained until the end of the study, i.e. until the age of seven months. Since the frequency range explored in this study for R (1 to 10 Hz) is sensitive to the peripheral airways, data indicate peripheral airway obstruction in Chl+ calves. These data confirm results obtained in a model of experimental respiratory infections with chlamydiae in pigs, where respiratory chlamydial infection also resulted in significant distal airway obstruction [32] , and are in agreement with lung function results obtained in children with bronchial C. pneumoniae infection [39] .
Since chlamydiae tend to cause chronic infections, a progressive course of functional disturbances is likely, and indeed, obstructive changes became stronger during the course of the study, which is underlined by an increasing discrimination between groups with respect to distal airway resistance (Fig. 3B ). According to ten Brinke et al. [49] , a C. pneumoniae infection in humans may promote the development of persistent airflow limitation leading to a continuous decline in lung function, and this hypothesis has been confirmed by results in calves aged seven months in comparison to earlier age by the present study. Morphologically, airflow limitation was likely caused by the proliferation of bronchus-associated lymphoid tissue surrounding small bronchi and bronchiolar airway generations. The lymphoid tissue may narrow the airways by external compression, induce partial obstruction by protrusion into the airway lumina and create secondary obstructive changes in the form of intrabronchiolar neutrophils and exudate. The lack of mucosal folding due to the massive infiltration of lymphoid cells in the submucosa indicates reduced elastic dilatation and contraction of the affected airways during breathing. Increased numbers of lymphoid follicles have been reported as a common phenomenon in pulmonary infection of calves and were interpreted as a potential for local inflammation to induce lymphoid tissue within airways [1] . In the present case, the increase in number and the hyperplasia were so severe that they caused functional changes.
Reactance data as shown in Figure 2 did not differ markedly despite differences between groups reaching the level of significance at a few frequencies. Higher reactance values in the Chl+ Group were in accordance with significantly higher tidal volumes indicating a higher inflation of the lung during inspiration and excluding decreases in lung compliance or restrictions, respectively. Furthermore, upper or central airways were not affected functionally as presented by similar data for proximal airway resistance (Fig. 3A) .
The pattern of breathing as characterised by variables of ventilation (tidal volume, respiratory rate, and volume of minute ventilation) may adapt to a certain amount of disorders in respiratory mechanics in order to fulfil the requirements of the total organism with respect to oxygen supply. At the beginning of the study (calves were aged two months), neither respiratory rates nor tidal or minute volumes were significantly different between both groups. In contrast, significantly higher respiratory rates as well as tidal volumes per kg body weight (and consequently a significantly higher ventilation per minute) were measured in calves older than three months having chlamydial infections (Chl+) compared to calves of the Chl-Group at the same age. In the absence of restrictive ventilatory disorders, higher tidal volumes might represent compensatory hyperventilation in the presence of inhomogeneities in lung ventilation that are typical in the bovine lung when obstructions occur. Since cattle lack collateral airways [24] , peripheral airway obstruction easily leads to ventilatory asynchronisms presented by both atelectases (as seen in the present investigation) and hyperinflated areas [34] . Consequently, a higher volume of minute ventilation in Chl+ calves might indicate less effective alveolar ventilation in the obstructive lung, and result in an increase of the specific ventilation, i.e. raise in Vmin in relation to oxygen intake.
Furthermore, significantly increased minute volumes of ventilation (related to body weight) in Chl+ calves could be caused by an increased metabolic rate that would require more oxygen. This hypothesis is underpinned by the detection of significantly higher, but subfebrile, body temperatures in calves with clinically inapparent chlamydial infections [33] . In addition, a higher load of breathing is present in obstructive areas of the lung leading to intensive work of respiratory muscles. An intensive muscle activity to overcome higher airflow resistances requires more oxygen, too, and this will finally also contribute to an increase of Vmin.
Pulmonary inflammation
Regarding markers of inflammation, the present study revealed a significant increase of total protein and 8-IP concentration in BALF, as well as an increased activity of BALF MMP-2. Systemic repercussions of the pulmonary inflammatory process on serum 8-IP and MMP-2 and MMP-9 activities were not significant. These results indicate that the neutrophilic inflammatory response induced by chlamydial infection was associated with pulmonary oxidative stress (8-IP) and increased MMP-2 activity.
Oxidative stress has been evidenced in children with upper airway infection with C. pneumoniae. Significantly higher concentrations of leukotriene B4 and 8-IP in exhaled breath condensate samples were found and indicated neutrophilic inflammation and oxidative stress in the lower airways, whereas cysteinyl leukotriens (LT CDE4), which are likely involved in airway smooth muscle contraction, microvascular leakage and mucous hypersecretion, were not different [41] . Chlamydial infections have been shown to be inversely correlated with allergic inflammation in human patients [39, 41] . The results obtained in Chl+ calves also suggest the absence of allergic inflammatory processes.
Our results were further in line with earlier studies showing that MMP-2 and MMP-9 activity might be detected in BALF of healthy calves [16] . In a study investigating MMP-2 and MMP-9 activity in tracheobronchial lavage fluid of calves infected with Pasteurella multocida and Mycoplasma bovirhinis, a significant increase of active MMP-2 and active MMP-9 was found [44] . In our study, MMP-proforms and MMP-active forms were not differentiated for two reasons: only a few Chl+ animals showed active forms and precise quantification of both forms was impossible because a sufficient separation of both bands could not be accomplished. Interestingly, only MMP-2 activity was significantly increased in Chl+ calves, whereas MMP-9 activity did not reach significance. MMP-9 has been shown to be secreted by alveolar neutrophils, macrophages and epithelial cells, whereas MMP-2 was also reported to be secreted by fibroblasts. Increased MMP-2 activity due to persistent neutrophilic inflammation as seen in Chl+ calves and an important fibroblast turnover could be an indicator of bronchial remodelling [48] . In vitro studies have demonstrated that smooth muscle cells infected with C. pneumoniae increase their MMP-1 and MMP-3 secretion [35] , suggesting that this bacterial infection might favour airway remodelling. It may therefore be hypothesised that the pulmonary changes observed in Chl+ calves could be related to an increased pulmonary MMP-2 activity.
Detection of chlamydiae in altered
lung tissue Alterations of lung function, pulmonary lesions and the detection of markers of inflammation coincided well with PCR detection of chlamydiae in the Chl+ Group and the absence of the pathogen in the Chl-Group. Immunohistology was not sufficiently sensitive to detect chlamydial antigen in the pulmonary tissue of Chl+ calves. This is most likely due to the low level of chlamydial infection in subclinical cases. This further implies that immunohistology may fail to detect the agent even when pulmonary lesions are seen.
Clinical outcome and pathogenesis of chlamydial infections within the respiratory system
In previous studies on pigs, it became evident that respiratory infections with chlamydiae may vary from severe respiratory distress to mere colonisation without clinical or functional relevance within the respiratory system [32] . Data of the present study represent a third category of subclinical chlamydial infection characterised by persisting pulmonary inflammation and functional disorders of the peripheral respiratory system, but without clinical illness or macroscopic lesions of lung tissue. Although, at a first glance, such data seem to be conflicting, they were in good agreement with evidence from human medicine where the highest prevalence of respiratory chlamydial infections has been reported in children with recurrent or chronic bronchitis and pneumonia and in adults with COPD, indicating a higher prevalence from asymptomatic to severe, from upper to lower, and from acute to chronic respiratory tract involvement [40] .
Data of this study indicate that the inapparent infections are not innocuous, but do cause minor inflammatory reactions. The clinical outcome itself may be influenced by host-bacteria interactions that include, on the one hand, (i) the chlamydial species involved, (ii) the number of chlamydiae present in the tissue, and (iii) the metabolic state of chlamydiae (activated or persistent), and, on the other hand, various factors of the host response. Interestingly, serological data might be related to the pathogenesis of chlamydial infections within the respiratory system. While a natural occurrence of chlamydiae in the respiratory tract was not associated with functional changes in the growing lungs until seven months of age in seronegative pigs, naturally acquired chlamydial infections in calves of the same age as presented here were associated with persisting antibody titres (data not shown) and pulmonary disorders. Also, the detection of C. pneumoniae in a carriage state (without serological response) was common with preference of lower respiratory tract disease in hospitalised children younger than six years having respiratory tract diseases [40] .
In addition, several epidemiological risk factors, as well as co-infections, need to be taken into account with respect to the clinical outcome of chlamydial infections. In the presence of transport stress, climate change, or high-density host population, inapparent infections might build up to become clinically manifest 1 . Furthermore, it is likely that chlamydiae increase susceptibility to viral and bacterial co-or superinfection. From the pathogenetic point of view, C. pneumoniae is able to induce ciliary dysfunctions and epithelial damage in bronchial cells [43] . Consequently, impaired defence might facilitate adhesion of further micro-organisms to the bronchial system. In children with C. pneumoniae infection, bacterial co-infections and coinfections with mycoplasmas were identified as factors often associated with purulent bronchial inflammation and restrictive disturbances of lung function leading to more severe disease [42] .
The calves examined in this study, however, were kept under standardised experimental conditions with respect to room climate, and there was no contact to other farm animals in order to avoid coinfections. Such conditions might explain the absence of clinical illness or remarkable clinical symptoms in the course of the study, although a higher respiratory index was seen in Chl+ calves compared to Chl-calves when calves were introduced in the premises indicating a higher presence of mild cough, nasal secretions and ocular secretions at the beginning of the study [33] . In contrast, Twomey et al. [53] described an outbreak of upper respiratory tract disease in young calves (aged four months old) characterised by pyrexia, mucous nasal discharge, conjunctivitis, and epiphora, and a morbidity rate of 100%, where an aetiological role for Chlamydophila spp. was explored in field conditions.
Influence of chlamydial infections on the functional maturation of the lung
Based on the hypothesis that a naturally acquired chlamydial infection within the respiratory system would interfere with postnatal lung development, pulmonary functions were pursued over a period of 6 months in young calves aged 2 to 7 months. This is the period of postnatal lung growth and development which is determined by morphological differentiation and functional maturation of the lung.
In calves approximately 30 days old, the bronchiolar epithelium is already well differentiated, and lung growth begins most rapidly at this age. In calves older than 30 days, there is an increase in alveolar number, and consequently in total alveolar surface area and in lung volume. In addition, mean bronchiolar cross-sectional area increases with age, and the percentage of terminal bronchioles decreases between one and 150 days of age [4] . In general, functional maturity of the respiratory system is not reached before one year of age or a body weight of 300 kg in the bovine species, and the growth of the airway and the alveolar structure seems to be non-isometric in large animals [17, 18] . During this period, respiratory infections are likely involved in growth retardation that may cause impaired lung function for a long time and or even life long. Data of the present study allow the hypothesis that functional lung maturation could be restrained by a persisting chlamydial infection. This hypothesis, however, has yet to be corroborated by further studies.
Conclusions
In conclusion, naturally acquired respiratory infections with chlamydiae have been shown to be associated with pulmonary dysfunctions based on chronic, but clinically inapparent, inflammatory processes in the bovine lung during the period of functional maturation. The detection of both peripheral airway obstruction and pulmonary inflammation has quantitatively demonstrated the persisting effects of subclinical chlamydial infections on lung function. Because no animal model is available to examine the long-term effects of chronic respiratory chlamydial infections in vivo, data of the present study include a potential for modelling chlamydiaassociated chronic airway diseases (asthma and/or COPD) in a natural host of the chlamydial agent, rather than in rodent models which are more different in lung anatomy compared to humans and poorly suited for functional testing.
